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SUMMARY

Ga 13 transduces signals from G-protein-coupled receptors. While Ga 13 functions as a tumor
suppressor in lymphomas, it is not known whether Ga.13 is pro-tumorigenic or tumor suppressive
in genetically engineered mouse (GEM) models of epithelial cancers. Here, we show that

loss of Ga13 in the Kras/Tp53 (KPC) GEM model promotes well-differentiated tumors and
reduces survival. Mechanistically, tumors developing in KPC mice with Ga.13 loss exhibit
increased E-cadherin expression and mTOR signaling. Importantly, human pancreatic ductal
adenocarcinoma (PDAC) tumors with low Ga. 13 expression also exhibit increased E-cadherin
expression and mTOR signaling. Treatment with the mTOR inhibitor rapamycin decreases the
growth of syngeneic KPC tumors with Ga.13 loss by promoting cell death. This work establishes a
tumor-suppressive role of Ga.13 in pancreatic tumorigenesis in the KPC GEM model and suggests
targeting mTOR in human PDAC tumors with Ga13 loss.

In brief

Shields et al. reveal a tumor-suppressive role of Ga13 in the KPC mouse model of pancreatic
tumorigenesis. Mouse KPC tumors, as well as human pancreatic tumors, with reduced Ga.13
demonstrate increased E-cadherin expression and mTOR signaling. Loss of Ga 13 sensitizes KPC
tumors to rapamycin and reduces tumor growth /in vivo.
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INTRODUCTION

Ga proteins transduce signals from G-protein-coupled receptors (GPCRs) to regulate
diverse cellular activities, such as cell growth, differentiation, and survival (Oldham

and Hamm, 2008; Syrovatkina et al., 2016). Activating mutations in Gas, for example,
contribute to the development of intraductal papillary mucinous neoplasms (IPMNs) (Molin
etal., 2013; Wu et al., 2011), precursor lesions of the pancreas that can progress to
pancreatic ductal adenocarcinoma (PDAC) tumors (Farrell and Fernandez-del Castillo, 2013;
Matthaei et al., 2011). Pancreas-specific co-expression of mutant Gnasand mutant Kras
cooperate to promote IPMNs in mouse models (Ideno et al., 2018; Patra et al., 2018; Taki
et al., 2016), with concurrent loss of Tp53 facilitating progression to PDAC (Patra et al.,
2018). While the role of Gas in pancreatic cancer is now well recognized, the role of other
G proteins in pancreatic tumor initiation and progression has yet to be fully defined.

Gal3 plays a critical role in normal and pathological conditions (Kelly et al., 2006, 2007;
Kozasa et al., 2011). It is involved in cell-cell and cell-matrix regulation, cytoskeleton
organization, and cell migration and invasion (Kelly et al., 2006, 2007; Kozasa et al.,
2011). We have shown that targeting Ga.13 in pancreatic cancer cells /n vitro enhances
E-cadherin-mediated cell adhesions to decrease cellular invasion in three-dimensional (3D)
collagen (Chow et al., 2016). Others have shown that overexpression of Ga.13 can induce
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cell transformation /n vitro (Maziarz et al., 2020; Voyno-Yasenetskaya et al., 1994; Xu

et al., 1994), suggesting that Ga.13 may be pro-tumorigenic /in vivo. However, studies in
mouse models of B cell lymphoma have found that Ga.13 functions as a tumor suppressor
in vivo (Healy et al., 2016; Muppidi et al., 2014; O’Hayre et al., 2016). Loss of Ga.13
function in germinal center B cells increases Akt signaling and protects against cell death
(Muppidi et al., 2014). Ga.13 loss also cooperates with MYC overexpression in germinal
center B cells to promote lymphomas (Healy et al., 2016). While these results demonstrate
that Ga 13 functions as a tumor suppressor in lymphomas (Healy et al., 2016; Muppidi

et al., 2014; O’Hayre et al., 2016), it is not known whether Ga.13 is pro-tumorigenic or
tumor-suppressive in genetically engineered mouse (GEM) models of epithelial cancers.
Here, we evaluate the effects of Ga.13 loss in the Kras/Tp53 (KPC) and the Kras (KC) GEM
models of pancreatic tumorigenesis.

Loss of Gal3 in the KPC GEM model promotes pancreatic tumor development and

progression

To investigate the contribution of Ga13 to pancreatic cancer development and progression,
we evaluated the effects of Ga13 loss in the LSL-Kras®2D/* x |SL-Trp53R172H/* x pdx1-
Cre (KPC) GEM mouse model. The KPC model is a well-established model that utilizes a
pancreas-specific Pdx1 promoter-driven Cre recombinase to knock in the mutant KrasG12D
and the mutant p53R172H/* into the endogenous locus in the mouse pancreas (Hingorani et
al., 2005). We generated KPC mice with heterozygous and homozygous loss of Ga13 in

the mouse pancreas (KPCG* and KPCGM/: Figure 1A). The KPCGM/* and the KPCGfI/fl
mice showed decreased pancreatic expression of Ga.13 (Figure 1B). At 3 months of age, the
KPCGM/ and KPCG* mice developed increased lesion burden and increased proliferation
(Ki67 staining) compared with the KPC (KPCG*/*) mice (Figure 1C). At the survival
endpoints, the KPCGT/fl and KPCGM/* mice developed well-differentiated tumors with
decreased trichrome staining (Figure 1D). There was increased Ki67, CK19, and E-cadherin
staining in tumors developing in the KPCG/fl and KPCGf/* mice compared with the
KPCG** mice (Figure 1D). Co-staining of the tumors for CK19 and Ki67 demonstrated
increased proliferation of CK19* cells in the KPCG/fl and KPCG/* mice (Figure 1D).
Notably, there was a significantly reduced survival of the KPCG/fl and KPCG/* mice
compared with the KPCG*/* control mice (Figure 1E). These results suggest a tumor-
suppressive role for Ga 13 in the Kras/Tp53 mouse model of pancreatic tumorigenesis.

Gal3 is dispensable for tumor development in the KC GEM model

We also evaluated the effects of Ga.13 loss in the LSL-Kras®12D/+ x pdx1-Cre (KC)

GEM model (Hingorani et al., 2003; Pham et al., 2021). We generated KC mice with
heterozygous and homozygous loss of Ga.13 in the mouse pancreas (KCG'* and KCGf/TI;
Figure S1A). The KCG* and the KCG/fl mice showed decreased pancreatic expression
of Ga.13 (Figure S1B). In contrast to the effects of Ga.13 loss in the KPC mouse model,
the Ga13 loss in the KC mouse did not affect tumor development. There was no difference
in the lesion burden in the KC (KCG**), KCGfl/+, and KCG™/l mice at either x or 6
months of age (Figure S1C). While the KCG™f mice demonstrated fewer acinar-to-ductal
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metaplasia (ADM) and pancreatic intraepithelial neoplasia (PanIN) 1A lesions, there was no
difference in the number of the PanIN1B or PanIN2 lesions between the KCG/fl mice and
the KCG** or the KCG™/* mice (Figure S1C). There was no difference in Ki67 staining

in the pancreas of these mice (Figure S1D). There was also no difference in the survival of
KCG**, KCGH*, and KCG/M mice (Figure S1E). These results indicate that Ga.13 loss has
differential effects on the growth of Kras-expressing tumors, depending on whether there is
co-expression of mutant p53. While Ga 13 is dispensable for tumor development in the KC
model (Figure S1), loss of Ga13 in the KPC model promotes tumor growth (Figure 1).

Human PDAC tumors with reduced Ga 13 expression and tumors developing in the
KPCGfi/+ and KPCGfi/fi mice demonstrate increased mTOR signalling

To understand why the KPC mice with Ga.13 loss show increased tumor growth and
proliferation, we analyzed human reverse-phase protein array (RPPA) data using The
Cancer Genome Atlas (TCGA) on the cBioPortal website (Cerami et al., 2012; Gao

et al., 2013) (Table S1). We queried for signaling pathways in human PDAC tumors
associated with decreased Ga 13 expression. We initially evaluated the relationship between
E-cadherin and Ga.13 in human PDAC tumors. Consistent with the KPC mouse model
(Figure 1), human PDAC tumors with low Ga 13 expression showed increased E-cadherin
protein expression (Figure 2A). Human tumors with reduced Ga 13 expression also showed
increased expression of B-catenin (CTNNBL1) and claudin-7 (CLDN7) proteins (Figure 2A).
Increased CTNNBL and increased CLDN7 are associated with increased differentiation in
human PDAC tumors (Lowy et al., 2003; Soini et al., 2012). In addition, there was evidence
of increased activation of mammalian target of rapamycin (mTOR) signaling, with increased
protein expression of phosphorylated-phosphoinositide dependent protein kinase 1 (p-PDK1
(S241)), mTOR, ribosomal protein S6 (RPS6), and eukaryatic translation elongation factor 2
(EEF2) in human PDAC tumors with reduced Ga.13 expression (Figure 2A).

We next evaluated whether our KPC mice with Ga 13 loss also exhibited increased

mTOR signaling at 3 months and survival endpoints by immunohistochemical staining for
mTOR, phosphorylated (p)-mTOR, Rps6, and p-Rps6. Immunohistochemical staining of
the lesions at 3 months of age showed that the KPCG/fl and KPCG/* mice exhibited
increased p-mTOR staining, with a trend toward increased p-Rps6 staining, compared with
the KPCG*/* mice (Figure 2B). At survival endpoints, KPCG/fl tumors demonstrated
increased Rps6 and p-Rps6 immunohistochemical staining compared with the KPCG*/*
tumors (Figure 2C). Similarly, the KPCGf/* tumors showed increased mTOR, p-mTOR, and
Rps6 immunohistochemical staining at survival endpoints (Figure 2C). We also evaluated
the tumor lysates from KPCG**, KPCGT/fl and KPCG* mice at survival endpoints by
western blotting for p-mTOR, mTOR, p-Rps6, and Rps6. Compared with the tumor lysates
from the KPCG*/* mice, the tumor lysates from the KPCG/* and KPCGfl mice exhibited
overall increased mTOR and Rps6 phosphorylation (Figure 2D).

Gal3 loss does not increase mTOR signaling in the KC GEM model

We also evaluated the effects of Ga13 loss on mTOR signaling in the KC model. At survival
endpoints, there was no difference in p-mTOR or p-Rps6 staining in the lesions developing
in the KCG* and KCG™! mice compared with the lesions in the KCG*/* mice (Figure
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S2). These results demonstrate that Ga13 loss in the KPC mouse model, but not in the KC
mouse model, increases mMTOR signaling.

Cell lines established from KPCGfi/fi mice demonstrate increased tumor growth with
increased E-cadherin expression

To evaluate whether targeting mTOR signaling mediates the effects of increased tumor
growth following Ga.13 loss, we established cell lines from tumors developing in the
KPCG** and KPCGfl mice. Compared with the KPCG*/* cell lines 2138 and 3213,

the KPCG/f! cell lines 3458 and 3566 exhibited loss of Ga.13 expression (Figure 3A).
When embedded in 3D collagen matrix, the KPCG*/* cell lines grew as single cells

and showed a spindle-shaped morphology. In contrast, the KPCG/fl cell lines grew as
compact spheroids in 3D collagen (Figure 3A). When transplanted in syngeneic mice, the
KPCG cells grew significantly faster and formed larger tumors (Figure 3B). As with
the tumors developing in the KPCG/fl GEM model, the tumors developing from KCG/fl
cell lines exhibited increased Ki67 staining (Figure 3C). There was decreased trichrome
staining (Figure 3D), increased cytokeratin 19 (CK19) expression (Figure 3D), and increased
E-cadherin expression (Figure 3E).

Cell lines established from KCG/fi mice fail to form tumors in vivo

We also established cell lines from the KCG*/* (2685 and 2005) and KCG/fl (1999 and
1930) mice. The KCG/f cell lines showed a near-complete loss of Ga.13 expression
(Figure S3A). When grown in 3D collagen, the KCG*/* cell lines exhibited spindle-shaped
morphology (Figure S3B). In contrast, the KCG/ cell lines failed to grow in 3D collagen
(Figure S3B). To evaluate the effect on growth in 3D collagen, the KCG*/* and the KCG/fl
cell lines were grown in 3D collagen for 7 days, extracted out of collagen, and counted.
Compared with the control KCG*/* cell lines, the KCG/ cell lines exhibited significantly
reduced growth in 3D collagen (Figure S3B). Similarly, when these cell lines were grown
in vivo, the KCG™/M cells failed to form tumors in vivo (Figure S3C). These results indicate
that Ga.13 loss has differential effects on the growth of Kras-expressing cells, depending
on whether there is co-expression of mutant p53. While the loss of Ga.13 inhibited tumor
growth of KC cell lines /n vivo (Figure S3), loss of Ga.13 in the KPC cell lines promoted
tumor growth /n vivo (Figure 3).

Gal3 loss sensitizes KPC tumors to the mTOR inhibitor rapamycin and reduces tumor
growth in vivo

In addition to the increased E-cadherin expression, the KPCG/fl tumors also showed
increased mTOR signaling. There was increased expression of p-Pdk1, Pdk1, p-mTOR,
mTOR, p-Rps6, and Rps6 in the KPCGM/!l tumors compared with the KPCG*/* tumors
(Figure 4A). Given the robust activation of the mTOR signaling in tumors established

from the KPCG/fl cell lines, we evaluated the effects of rapamycin /7 vivo. We treated
established KPCG*"* and KPCG/fl tumors with vehicle control or rapamycin. Rapamycin
significantly decreased tumor growth of both KPCG** and KPCG/!l tumors, but the effect
was particularly pronounced in the KPCG/fl tumors (Figures 4B and 4C). Tumors treated
with rapamycin showed suppression of the mTOR signaling (Figure 4D). While rapamycin
reduced proliferation in the KPCG*/* tumors (Figure 4E), it did not induce apoptosis (Figure
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4F). In contrast, while rapamycin did not suppress proliferation of the KPCG/l tumors
(Figure 4E), there was a significant increase in cell death in the KPCG/fl tumors following
rapamycin treatment (Figure 4F). Overall, our data demonstrate that the KPC tumors with
Ga13 loss are susceptible to treatment with rapamycin.
DISCUSSION

GPCRs are targets of several currently approved therapies (Hauser et al., 2017). There

is increasing interest in understanding the role of effectors downstream of GPCRs and
determining whether these effectors could be potential therapeutic targets (Hauser et al.,
2017). Because GPCRs can signal through Ga.13 (Kurose, 2003), many studies have
evaluated the contribution of Ga 13 to physiologic and pathologic processes (Sriram et al.,
2020; Syrovatkina and Huang, 2019; Tutunea-Fatan et al., 2020). These studies, primarily
performed in epithelial cancer cell lines, showed that Ga.13 functions as a tumor promoter
(Chow et al., 2016; Kelly et al., 2006, 2007; Kozasa et al., 2011; Rasheed et al., 2018; Zhang
et al., 2018). However, we now show that targeting Ga 13 in the Kras/Tp53-driven KPC
GEM model results in increased tumor development and decreased survival, indicating that
Ga 13 has a tumor-suppressive role in pancreatic tumors. Our data agree with the previously
published studies showing that Ga.13 functions as a tumor suppressor in GEM models of B
cell lymphomas (Muppidi et al., 2014).

However, Ga 13 loss has differential effects on the growth of Kras-expressing tumors,
depending on whether there is co-expression of mutant p53. Ga.13 loss in the KPC GEM
model promotes tumor growth, but Ga.13 is dispensable for tumor development in the KC
GEM model. Instead, loss of Ga 13 in the KC cell lines decreases growth in 3D collagen and
in transplant models. The difference between the effects of Ga.13 loss in the GEM model
and the transplant models is only seen in the KC model. Although we do not know the
underlying mechanism for the differential effect of Ga.13 loss in the KC GEM and KC cell
lines, the Maitra group found a similar effect when they expressed mutant Gas in the context
of Kras (Ideno et al., 2018). They showed that the KC cells expressing mutant Ga.s show
suppression of colony formation /n vitro and a decrease in tumor growth /n vitro (Ideno et
al., 2018). This contrasts with their GEM animal data, where co-expression of mutant Gas
did not suppress tumor growth (Ideno et al., 2018).

We have found that targeting Ga.13 in the KPC GEM model causes differentiated tumors.
We show increased E-cadherin expression in tumors with Ga13 loss, thus explaining

the well-differentiated tumors in the KPC mice with Ga.13 loss. We had previously
demonstrated that Ga.13 loss results in increased E-cadherin at cell-cell junctions (Chow et
al., 2016). Loss of Ga.13 has also been shown to increase vascular endothelial (VE)-cadherin
at cell-cell junctions (Gong et al., 2014). Importantly, human PDAC tumors with Ga.13 loss
also demonstrate increased expression of E-cadherin. However, despite the tumors being
well differentiated, we show that mice with Ga.13 loss in the KPC model died faster than the
control KPC mice, likely from the extensive tumor burden.

We show that Ga.13 loss in the KPC mouse model, but not in the KC mouse model,
increases mTOR signaling and that human PDAC tumors with decreased Ga.13 expression
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exhibit increased mTOR signaling. We also demonstrate in human and mouse PDAC tumors
with loss of Ga 13 expression the activation of PDK1, which can enhance Akt/mTOR
signaling (Manning and Toker, 2017). Previous studies have shown that Ga.13 loss in
lymphomas and osteoclasts increases Akt signaling (Muppidi et al., 2014; Wu et al.,

2017), whereas overexpression of an active mutant of Ga 13 in osteoclasts decreases Akt
signaling (Wu et al., 2017). Importantly, we have found that the KPC tumors with Ga.13
loss are susceptible to treatment with rapamycin. Notably, tumors developing in the Kras/
PTEN GEM maodel, which exhibit increased Akt/mTOR signaling, are also susceptible to
rapamycin treatment (Morran et al., 2014).

mTOR inhibitors have been evaluated in clinical trials involving pancreatic cancer patients
(Javle et al., 2010; Wolpin et al., 2009). They have been tested as single agents in patients
who have progressed on chemotherapy and in combination with chemotherapy. mTOR
inhibitors show a lack of response as single agents or in combination with chemotherapy.
However, these clinical trials in advanced pancreatic cancer were conducted in unselected
patients without identifying tumors that may be particularly dependent on mTOR signaling
(Javle et al., 2010; Wolpin et al., 2009). Our results suggest using the loss of Ga.13
expression to select patients for studies with mTOR inhibitors.

Overall, our findings demonstrate a tumor-suppressive role of Ga13 in PDAC tumors
developing in the Kras/Tp53 mouse model and suggest targeting mTOR in human PDAC
tumors with Ga 13 loss.

Limitations of the study

The genetic strategy we used to investigate Ga.13 function in this study targets the gene

in vitro and not in adult mice. Thus, our work does not address the effects of targeting

Ga 13 in adult mouse pancreas tissue with established tumors. Also, we show that Ga.13
functions as a tumor suppressor in tumors with mutations in both Kras and p53 but not

in tumors with only Kras mutation. It will be essential to understand how mutations

in both Kras and p53 mediate the tumor-suppressive effects of Ga13. A recent report
demonstrated that Ga.13 could function as a tumor suppressor by its effect on the immune
microenvironment (Martin et al., 2021). We have not addressed the effects of Ga.13 loss on
the immune microenvironment in our mouse models. Finally, while our studies demonstrate
that mTOR/Rps6 signaling is activated in Ga13-deficient tumors in humans and KPC mice,
the exact mechanism by which loss of Ga 13 activates the mTOR/Rps6 signaling is yet to be
determined.

STAR*METHODS
RESOURCE AVAILABILITY

Lead contact—Further information and request for resources and reagents
should be directed to and will be fulfilled by the lead contact, Mario Shields
(mario.shields@northwestern.edu>)

Materials availability—Cell lines generated in the study can be obtained through an MTA
from Northwestern University.
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This study did not generate other new unique reagents.

Data and code availability—This paper analyzes publicly available data from the TCGA
and cBioportal databases.

The pancreatic cancer dataset from cBioportal can be access at the url:
http://www.chioportal.org/study/summary?id=paad_tcga_pan_can_atlas 2018. The specific
patient samples used for comparisons are listed in Table S1.

All data reported in this paper will be shared by the lead author upon request.
This paper does not report any original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Animal experiments—All animal work and procedures were approved by the
Northwestern University Institutional Animal Care and Use Committee. In addition, all
animal experiments were performed in accordance with relevant guidelines and regulations.
The following mice were used in the study: Pdx1-Cre mice (Jackson Laboratory #014647),
Gnal3 (kindly provided by Stefan Offermans, Max Planck Institute) (Moers et al., 2003),
LSL-KRas®12D/* (Jackson Laboratory #019104) LSL-Trp53R172H/* (Jackson Laboratory
008652). All mice were bred on a C57/BL6 background, with ages ranging from 3-20
months and from both genders.

Animals were housed at 12h light/dark cycle in ventilated cages with controlled temperature
and humidity. Water and standard mouse diet were provided ad libitum, and bedding
changed regularly.

Cell lines—Cell lines used in the study were derived from autochthonous mouse pancreatic
tumors. Primary cell lines from KCG*/* (2005, 7-month-old female; 2685, 6-month-old
male), KCGl (1930, 9-month-old male; 1999, 10-month-old male), KPCG*/*(2138, 3-
month-old male; 3213, 3-month-old female), and KPCG/f! (3458, 5-month-old female;
3566, 4-month-old female) C57/BL6 mice were generated as described below. Cell lines
were cultured in DMEM media with 10% FBS and 1% penicillin/streptomycin and at grown
at 37°C with 5% CO in an incubator.

METHOD DETAILS

Conditional knockout—Mice with loss of Ga 13 in the pancreas were generated by
crossing Pdx1-Cre mice (Jackson Laboratory #014647) to mice expressing the floxed allele
of Gnal3 (kindly provided by Stefan Offermans, Max Planck Institute) (Moers et al.,
2003), to generate CGa 13fl/+ and CGa 13fl/fl mice. The bigenic mice were further crossed
with mice expressing an LSL-KRas®12D/* (Jackson Laboratory #019104) mutant allele

to generate KCGa 13fl/+ (KCGfl/+) or KCGa 13fl/fl (KCGFI/fl) mice. These mice were
further crossed with mice expressing LSL-Trp53R172H/* (Jackson Laboratory 008652) to
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generate KPCGfl/+ and KPCGTl/fl mice. For survival studies, mice were aged singly or in
groups of 2-5. Some mice developed anogenital or facial papillomas that were surgically
removed before compromising health. Mice that developed extra-pancreatic diseases such as
thymoma, prolapse, or inoperable papillomas were excluded from the study. All mice were
bred on a C57/BL6 background, and both genders were used in the studies.

Cell implantation—For subcutaneous implantation, cells (2.5 x 10%) were suspended in
100 pL of 1:1 mixture of PBS: Matrigel and then injected under the skin in the flank of
C57BL/6 mice. After tumors were ~100 mm3, mice were treated with vehicle control (10%
PEG400, 10% Tween 80 in water) or rapamycin (MedChemExpress, HY-10219) daily at 60
mg/kg daily via intraperitoneal injections. Tumor dimensions were measured using a digital
caliper, and volume was determined using the formula V = (L x W2)/2, where V is the
volume, L is length, and W is the width.

Endpoint—At the experimental endpoints (tumor size, tumor ulceration, deteriorating body
score, reduced weight, or moribund state), mice were euthanized. For the cell implantation
studies, mice were also euthanized if the injected cells failed to form tumors or formed small
tumors that grew very slowly. The pancreatic tissue or tumors were weighed and fixed in
10% neutral buffered formalin overnight or flashed frozen for RNA or protein extraction.
The fixed tissue was subsequently processed and embedded in paraffin for histological stains
and immunohistochemistry.

Generation of cell lines from genetically engineered mouse models—KCG+/+,
KCGfl/+, or KCGTl/fl mice more than 6 months of age were euthanized, and the harvested
pancreatic tissue was placed in 5 mL of cold DMEM using aseptic technique. The tissue
was minced using a sterile scalpel and then placed in a 2 mg/mL Collagenase | solution
diluted in DMEM and enzymatically digested at 37°C for 30 min with mixing by vortex at
10-min intervals. The digested tissue was centrifuged at 1200 rpm for 3 min, and the cell
pellet was resuspended in DMEM media with 10% FBS and 1% penicillin/streptomycin.
The cells were plated in a 10-cm tissue culture dish and maintained at 37°C with 5% CO,
in an incubator. The cells were serially passaged until the culture was purely pancreatic
ductal epithelial cells (at passage 4 or 5). Tumors developing in KPCG+/+, KPCGfl/+, and
KPCGTl/fl were similarly processed to generate the corresponding cancer cell lines. All cells
in culture were tested and confirmed to be free of mycoplasma using the Myco Alert Plus
Kit (Lonza LT07-701).

3D collagen cultures—Established cell lines (5 x 103) were suspended in neutralized

rat tail collagen type | (cat # 354236 Corning) at 2 mg/mL and 250 pL was dispensed in
48-well plates and maintained for 7 days (Ebine et al., 2019). The morphology of the cells
growing in 3D collagen was analyzed from photographs taken using Zeiss Axiovert 40 CFL
microscope and Nikon Coolpix 4500 camera. Cells were extracted out of collagen gels with
collagenase (10 mg/mL, Worthington Biochem #CLS1) solution by incubating at 37°C for
20 min and single cells generated by incubating with trypsin/EDTA (0.05% Trypsin/0.53mM
EDTA, Corning #25052Cl) for 3-5 min. Cells were counted using trypan blue and the TC2
automated cell counter (BioRad).
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Histology/Immunohistochemistry—~For immunostains, paraffin-embedded sections
were deparaffinized and rehydrated. Antigen retrieval was performed by boiling for 10 min
in sodium citrate buffer (10 mM, pH 6.0) using a pressure cooker. Endogenous peroxidase
activity in tissue was quenched, and sections were blocked with a mixture of goat serum
and bovine serum albumin (BSA). Tissue sections were incubated with antibodies for:
E-cadherin (Cell Signaling #3195, RRID: AB_2291471, 1:500), Cytokeratin 19 (Abcam
ab52625, RRID: AB_2281020, 1:500), Ki67 (Cell Signaling #12202, RRID: AB_ 2620142,
1:1000), cleaved caspase-3 (Cell Signaling #9664, RRID: AB_2070042, 1:800), mTOR
(Cell Signaling #2983, RRID: AB_2105622, 1:1000), p-mTOR (Abcam ab109268, RRID:
AB_ 10888105, 1:2000), RPS6 (Cell Signaling #2217, RRID: AB_331355, 1:1000), and
p-RPS6 (Cell Signaling #4858, RRID: AB_916156, 1:1000) overnight at 4°C. Antibody
binding was detected using HRP-conjugated anti-rabbit secondary antibody and visualized
using ImmPACT DAB Peroxidase Substrate kit (VectorLabs, Burlingame, CA). Photographs
were taken on the FeinOptic microscope with a Jenoptik ProgRes C5 camera or
TissueGnostics system and analyzed by Aperio Software. Trichrome and hematoxylin and
eosin (H&E) stains were routinely conducted by the Lurie Cancer Center Pathology Core.

Immunofluorescence—Antigen retrieval was performed similarly to the
immunohistochemistry procedure above. Tissue sections were blocked with a mixture of
goat serum and bovine serum albumin for 1 h. Tissue sections were incubated with a
mixture of antibodies for CK19 (DSHB TROMA-III, RRID: AB_2133570,1:100) and Ki67
(Cell Signaling #12202, RRID: AB_2620142, 1:500) for 2 h at room temperature. After
washing, tissue sections were incubated with a mixture of goat anti-rat Alexa Fluor 594
(ThermoFisher, RRID: AB_10561522 #A-11007, 1:200) and goat anti-rabbit AlexaFluor
488Plus (ThermoFisher #A-32731, RRID: AB_2633280 1:200) secondary antibodies and
protected from light. Sections were incubated with DAPI (#D1306 ThermoFisher) for
nuclear counterstain and mounted in fluorescence mounting media (#5302380, Agilent).
Images were acquired with the EVOS M5000 (ThermoFisher) fluorescence microscope
using a 40X lens. At least 10 sections were acquired per tissue section, and ImageJ was used
to analyze the double-positive CK19 and Ki67 areas.

Western blot—Tissue samples were finely ground using a cold mortar and pestle or the
Minilys bead-based homogenizer (#P000673-MYLSO0-A, Bertin Corp. with ceramic beads
(#CK28, Bertin Corp). Protein was isolated from cultured cells or ground tissue using ice-
cold RIPA lysis buffer containing protease and phosphatase inhibitors. The lysates were then
clarified by centrifugation at 10,000 rpm for 10 min at 4°C, and the protein concentration
was determined using Precision Red solution (#ADV02, Cytoskeleton, Inc., Denver, CO)
according to the manufacturer’s instructions. Equal amounts of protein were separated with
a 10% or 6% SDS-PAGE electrophoresis gel. The separated proteins were transferred to a
PVDF (#IPVH00010, Millipore Sigma) membrane using the semi-dry transfer system (Bio-
Rad). After blocking for one hour at room temperature with 5% BSA, the membranes were
incubated overnight at 4°C with primary antibodies. Primary antibodies used include Ga.13
(Santa Cruz #sc-293424, 1:1,000), E-cadherin (Cell Signaling #3195, RRID:AB_2291471,
1: 5,000), PDK1 (Cell Signaling #5662, AB_10839264, 1:1,000), p-PDK1 (Cell Signaling
#3438, RRID:AB_2161134 1:1,000) mTOR (Cell Signaling #2983, RRID: AB_2105622,
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1:1,000), p-mTOR(Abcam ab109268, RRID: AB_10888105, 1:1,000), RPS6(Cell Signaling
#2217, RRID:AB_331355, 1:10,000), p-RPS6 (Cell Signaling #4858, RRID: AB_916156,
1:10,000), Gapdh (Millipore Sigma #MAB374, RRID: AB_2107445 1:5,000), and Hsp90
(Santa Cruz Biotechnology sc-7947, RRID: AB_2121235 1:5,000). HRP-conjugated rabbit
(#A6667, RRID: AB_258307, 1:10,000) or mouse (#A4416, RRID: AB_258167, 1:10,000)
secondary antibody (Millipore-Sigma St. Louis, MO) was used with SuperSignal West Pico
PLUS (Thermo Fisher Scientific) for protein detection.

qRT-PCR—RNA was isolated from cultured cells or tissue using the RNeasy kit

(74104, QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. cDNA
was synthesized from 1-2 ug of RNA with random hexamers and M-MLV reverse
transcriptase in a single 50 pL reaction. Quantitative PCR was performed using Gnal3
(Mm01250415_m1) and Gapah (Mm99999915 g1) TagMan probes, TagMan Universal
PCR Master Mix, and the CFX Connect Real-Time PCR Detection System (Bio-Rad
Hercules, CA). The relative expression was calculated using the comparative Ct method
(Livak and Schmittgen, 2001).

TCGA data analysis—Expression data from RNA and protein (RPPA) analyses for
human pancreatic ductal adenocarcinoma patients in The Cancer Genome Atlas (TCGA)
were extracted from cBioportal (Cerami et al., 2012; Gao et al., 2013). Patient IDs from the
study are listed in Table S1 and are categorized as high (GNA13 hi, upper 25%, n = 43) or
low (GNA13 lo, lower 25%, n = 43) expression of GNAI3RNA.

QUANTIFICATION AND STATISTICAL ANALYSIS

The Jin vivoand in vitro results were compared using one-way ANOVA with Bonferroni
correction and 2-tailed t test analysis. Error bars represent the standard error of the mean

or standard deviation as specified in the figure legends. All statistical analyses were done
using GraphPad Prism. Statistical details of experiments can be found in the figure legends
or method details including the statistical tests used, number (n) of tumors, animals or cells.
For all analyses error bar represent standard deviation except where noted. A p value of less
than 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Loss of Ga13 in the KPC GEM model promotes pancreatic tumor
development

Tumors from KPC mice with Ga.13 loss demonstrate increased E-cadherin
expression

Human pancreatic tumors with reduced Ga 13 expression exhibit increased
mMTOR signaling

Ga13 loss sensitizes KPC tumors to rapamycin and reduces tumor growth /n
vivo
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Figure 1. Loss of Ga.13 in the KPC GEM model promotes pancreatic tumor development and
progression

(A) Alleles of Kras®12P (K), Trp53R172H (P), Pdx1-Cre (C), and Ga 13fl (G).

(B) Ga.13 expression levels in the pancreas of mice of indicated genotypes were determined
by western blotting. Heat shock protein (Hsp90) was used as an endogenous control. The
expression of Gnal3 was determined by qRT-PCR. GAPDH was used as an endogenous
control. One-way ANOVA (n = 6 for KPCG*/*, n = 6 for KPCG/fl, and n = 5 for KPCG/*
genotype). ***p < 0.001, mean + SD.

(C) The whole profile of pancreas tissue from KPCG**, KPCG/fl and KPCG/* mice

at 3 months was scanned, and the relative lesion burden was quantified (n =9, 9, and 9,
respectively). One-way ANOVA, * p < 0.05, mean + SD. Scale bar =1 mm (H&E), 100 um
(IHC). Ki67 (n = 5, 5, and 5, respectively) stains of the pancreatic tissue from KPCG*/*,
KPCG/Ml and KPCG™* mice at 3 months.
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(D), H&E, trichrome, Ki67 (n =8, 6, 7), CK19 (n = 6, 6, 6), and E-cadherin (n = 6, 6, 6)
stains of the pancreatic tissue from KPCG**, KPCG/fl. and KPCGM/* mice at the survival
endpoints. One-way ANOVA, * p £0.05, ** p < 0.01, mean £ SD. Scale bar = 100 pm.
Immunofluorescence co-staining of CK19 and Ki67 of pancreatic tissue from KPCG*/*

(n = 4), KPCG (n = 4), and KPCG™* (n = 4) mice at the survival endpoint, and the
double-positive (CK19*/Ki67") cells were quantified. Scale bar = 50 pm. One-way ANOVA,
*p <0.05, mean £ SD.

(E) Kaplan-Meier survival analysis of KPCG** (n = 24), KPCG™/* (n = 28), and KPCGfI/l
(n = 16) mice using log-rank test.
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Figure 2. Human PDAC tumors with reduced Ga.13 expression and tumors developing in the
KPCGHM and KPCGM* mice demonstrate increased mTOR signaling

(A) Analysis of samples in cBioPortal with low and high expression of GNA13for E-

cadherin (CDH1), catenin-p1 (CTNNB1), claudin-7 (CLDN7), p-PDK1 (p-S241), mTOR,
RPS6, and EEF2 at the protein level using the reverse-phase protein array (RPPA) data (n =
43 and 43, respectively). t test, mean £ SEM,*p < 0.05, **p < 0.01.

(B) Immunostains and quantification for mTOR (n = 6, 5, and 5, respectively), p-mTOR (n
=5, 5, and 7, respectively), Rps6 (n =5, 5, and 5, respectively), and p-Rps6 (n =5, 5, and
5, respectively) in lesions developing in the KPCG**, KPCGM/fl and KPCGM/* mice at 3
months. One-way ANOVA, mean + SD. Scale bar = 100 um. **p < 0.01, ***p < 0.001.

(C) Immunostains and quantification for mTOR (n = 6, 6, and 8, respectively), p-mTOR
(n=86,7,and 7, respectively), Rps6 (n = 6, 6, and 7, respectively), and p-Rps6 (n = 6, 6,
and 6, respectively) in tumors developing in the KPCG**, KPCGT/ and KPCG/* mice at
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survival endpoints. t test, mean £ SD. Scale bar = 100 pm. *p < 0.05, **p < 0.01, ****p <
0.0001.

(D) Western blot analysis of tumor lysates from KPCG**, KPCGT/fl and KPCG* mice for
p-mTOR, mTOR, p-Rps6, and Rps6 at survival endpoints.
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Figure 3. Cell lines established from KPCG mice demonstrate increased tumor growth with
increased E-cadherin expression

(A) Western blot for Ga.13 in pancreatic cancer cell lines established from tumors
developing in KPCG*/* (2138 and 3213) and KPCG/fl (3458 and 3566) mice. Equal
numbers of 2138, 3213, 3458, and 3566 cells were grown in 3D type | collagen, and
pictures were taken after 5 days. The cells were extracted out of collagen and counted. This
experiment was repeated at least 3 times.

(B) The cells were implanted subcutaneously in the flank of B6 mice (6-8 weeks old).

The tumor sizes were measured using a caliper, harvested day ~24, and photographed, and
wet weight was measured (2138 n = 3, 3213 n =5, 3458 n = 3, and 3566 n = 5 mice; 2
tumors per mouse). One-way ANOVA for tumor growth, mean £ SD, ***p < 0.001, ****p <
0.0001. t test, mean = SD for tumor weights. **p < 0.01, ****p < 0.0001.

(C) H&E and immunostains and quantification of Ki67 in the KPCG*/* and KPCGf!/fl
tumors. t test, mean + SD. Scale bar = 100 pm. *p < 0.05, **p < 0.01
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(D and E) Trichrome, CK-19, and E-cadherin stains of tumors developing in the KPCG*/*
and KPCGM/f mice. t test, mean + SD. Scale bar = 100 pm. *p < 0.05, **p < 0.01. The
tumors were also analyzed for E-cadherin expression by western blotting.
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Figure 4. Ga13 loss sensitizes KPC tumors to the mTOR inhibitor rapamycin and reduces tumor
growth in vivo
(A) Syngeneic KPCG** and KPCG™fl tumors were analyzed for p-Pdk1, Pdk1, p-mTOR,

MTOR, p-Rps6, and Rps6 by western blotting using Hsp90 as a loading control.

(B and C) The KPCG** and KPCGTl cells were implanted subcutaneously in the flank of
B6 mice (6-8 weeks old) and treated with vehicle control or rapamycin (60 mg/kg daily;
arrow indicates the start of treatment), once the tumors reached ~100 mm3. The tumor sizes
were measured using a caliper, harvested day 27, and photographed, and wet weight was
measured. (n = 5 mice per group; 2 tumors per mouse). Representative whole profile of
H&E stains of vehicle control and rapamycin-treated tumors. One-way ANOVA, mean *
SD. **p < 0.01, ****p < 0.0001.

(D) Tumors treated with vehicle control or rapamycin were analyzed for p-Pdk1, Pdk1,
p-mTOR, mTOR, p-Rps6, and Rps6 by western blotting using Hsp90/GAPDH as loading
controls.
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(E) The effect of rapamycin on proliferation was analyzed by immunostains and
quantification of Ki67 in the KPCG*"* and KPCGM/fl tumors. One-way ANOVA (n = vehicle
control KPCG** and KPCG/fl [4 and 5], rapamycin KPCG** and KPCG/f [5 and 5]), t
test, mean = SD. Scale bar = 100 pm. *p < 0.05, **p < 0.01.

(F) Whole profile of cleaved-caspase 3 (c-C3) stains of vehicle control and rapamycin-
treated tumors. Higher magnification and quantification of c-C3 stains in the treated tumors.
One-way ANOVA (n =5, 5, 5, and 5, per treatment group). ****p < 0.0001.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
E-Cadherin (24E10) Cell Signaling Cat# 3195; RRID:AB_2291471

Cytokeratin 19

Cytokeratin 19 (EP1580Y)

Ki67 (D3B5)

Cleaved caspase 3 (5ALE)

mTOR (7C10)
Phosphorylated-mTOR (EPR426(2))
RPS6 (5G10)

Phosphorylated-RPS6 (D57.2.2E)
PDK1 (D37A7)
Phosphorylated-PDK1 (C49H2)
Gal3 (6F6-B5)

HSP90 (H114)

GAPDH (6C5)

HRP-conjugated anti-rabbit
HRP-conjugated anti-mouse

Alexa Fluor 594-Conjugated goat anti-rat

AlexaFluor 488Plus-Conjugated goat anti-
rabbit

Developmental Studies Hybridoma
Bank (DSHB)

Abcam

Cell Signaling

Cell Signaling

Cell Signaling
Abcam

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling
Santa Cruz Biotech
Santa Cruz Biotech
Sigma Millipore
Sigma Millipore
Sigma Millipore
Thermo Fisher

Thermo Fisher

Cat# TROMA-III; RRID:AB_2133570

Cat# ab52625; RRID:AB_2281020
Cat# 12202; RRID:AB_2620142
Cat# 9664; RRID:AB_2070042
Cat# 2983; RRID:AB_2105622
Cat# ab109268; RRID:AB_10888105
Cat# 2217; RRID:AB_331355

Cat# 4858; RRID:AB_916156

Cat# 5662; RRID:AB_10839264
Cat# 3438; RRID:AB_2161134
Cat# sc-293424

Cat# sc-7947; RRID:AB_2121235
Cat# MAB374; RRID:AB_2107445
Cat# A6667;, RRID:AB_258307
Cat# A4416; RRID:AB_258167
Cat# A-11007; RRID:AB_10561522
Cat# A32731; RRID:AB_2633280

Chemicals, peptides, and recombinant
proteins

Collagenase |
Rapamycin

Rat tail collagen type |
Trypsin/EDTA

PEG 400

Tween 80

Reduced Growth Factor Basement
Membrane Extract (Cultrex)

Worthington Biochem
MedChem Express
Corning

Corning

MedChem Express
Sigma Millipore
R&D Systems

Cat# CLS1

Cat# HY-10219
Cat# 354236

Cat# 25052CI
Cat# HY-Y0873A
Cat# P8074

Cat# 3433-005-01

Critical commercial assays

RNeasy kit

TagMan Reverse Transcription reagents
TagMan Universal PCR Master Mix
IMmPACT DAB Peroxidase Substrate kit
Precision Red protein assay reagent
SuperSignal West Pico Plus

Myco Alert Plus Kit

Qiagen
Thermo Fisher
Thermo Fisher
Vector Labs
Cytoskeleton
Thermo Fisher

Lonza

Cat# 74104
Cat# N080234
Cat# 4324018
Cat# SK-4105
Cat# ADV02
Cat# 34580
Cat# LT07-701
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REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data
TCGA cBioportal http://www.cbioportal.org/study/summary?
id=paad_tcga_pan_can_atlas_2018
Experimental models: Cell lines
1930 This paper N/A
1999 This paper N/A
2005 This paper N/A
2685 This paper N/A
2138 This paper N/A
3213 This paper N/A
3458 This paper N/A
3566 This paper N/A

Experimental models: Organisms/strains

Mouse: Pdx1-Cre
Mouse: LSL-Trp53R172H/+
Mouse: Kras®12D/+

Mouse: Ga13f!

Jackson Laboratory
Jackson Laboratory
Jackson Laboratory

Stefan Offermans, MPI

RRID:IMSR_JAX:014647
RRID:IMSR_JAX:008652
RRID:IMSR_JAX:019104
RRID:MGI:3697690

Oligonucleotides

Gnal3 Tagman probe
Gapdh Tagman probe

Thermo Fisher

Thermo Fisher

MmO01250415_m1
Mm99999915 g1

Software and algorithms

GraphPad Prism
TissueGnostics, TissueFAXS

GraphPad http://www.graphpad.com/

TissueGnostics https://
tissuegnostics.com

V 9.2.0 RRID:SCR_002798
V 7.0 RRID:SCR_020996

Fiji ImageJ2 https://fiji.sc V 2.3.0 RRID:SCR_002285

Aperio ImageScope Leica V 12.3.3 RRID:SCR_020993

Other

Human pancreatic cancer RNA and RPPA cBioportal http://www.cbioportal.org/study/summary?

dataset

id=paad_tcga_pan_can_atlas_2018
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